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Lineage tracinga member of the mammalian achaete scute (Mash) gene family of transcription
factors, which have been implicated in cell fate speciﬁcation and differentiation. In the mouse salivary gland,
expression of Ascl3 is restricted to a subset of duct cells. Salivary gland function depends on the secretory
acinar cells, which are responsible for saliva formation, and duct cells, which modify the saliva and conduct it
to the oral cavity. The salivary gland ducts are also the putative site of progenitor cells in the adult gland.
Using a Cre recombinase-mediated reporter system, we followed the fate of Ascl3-expressing cells after the
introduction of an EGFP–Cre expression cassette into the Ascl3 locus by homologous recombination. Lineage
tracing shows that these cells are progenitors of both acinar and ductal cell types in all three major salivary
glands. In the differentiated progeny, expression of Ascl3 is down-regulated. These data directly demonstrate
a progenitor–progeny relationship between duct cells and the acinar cell compartment, and identify a
population of multipotent progenitor cells, marked by expression of Ascl3, which is capable of generating
both gland cell types. We conclude that Ascl3-expressing cells contribute to the maintenance of the adult
salivary glands.
© 2008 Elsevier Inc. All rights reserved.IntroductionSalivary glands are essential for oral health. Radiation treatment of
head and neck cancer patients, as well as autoimmune diseases, such
as Sjögren's syndrome, inﬂict cellular damage that is usually severe
and irreversible, causing salivary gland atrophy and its pathological
consequences. The ability to restore salivary function in an impaired
or damaged gland would be a signiﬁcant medical achievement. A
prerequisite, however, is an understanding of the mechanisms by
which these cells differentiate during development and are main-
tained and regenerated in adulthood.
There are three major pairs of salivary glands in mammals known
as the submandibular, sublingual and parotid glands. Each gland is
distinct in its structural architecture, cellular composition, and
secretory products, but all are comprised of two predominant cell
types (reviewed in Young and Van Lennep, 1978). The secretory acinar
cells, arranged in clusters, generate the initial saliva, which drains into
ducts arranged in a branching network. The duct cells modify and
conduct the saliva to the oral cavity.
The salivary glands develop initially as epithelial invaginations,
which form buds, and then undergo branching morphogenesis(C.E. Ovitt).
l rights reserved.(reviewed in Tucker, 2007). In rodents, both the submandibular and
parotid glands are immature at birth. Final cytodifferentiation of the
acinar and duct cells occurs postnatally, while cytodifferentiation in
the sublingual gland occurs prior to birth (Redman and Sreebny, 1971;
Chang, 1974; Cutler and Chaudhry, 1974; Redman and Ball, 1978;
Gresik, 1980). The acinar cells are classiﬁed as eithermucous or serous,
based on the secretory proteins they produce. The mouse sublingual
glands are composed predominantly of mucous-secreting acinar cells,
capped by serous demilune cells; the parotid gland consists only of
serous acinar cells, while the submandibular gland is made up of both
(reviewed in Young and Van Lennep, 1978).
The mature salivary glands turn over slowly (Zajicek et al., 1985;
Redman, 1995) and all cell types in the parenchyma are found to
undergo cell division (Redman and Sreebny, 1970; Dardick et al., 1990;
Denny et al., 1990, 1993; Redman, 1995). However, there is also
evidence for a population of stem cells, which apparently contributes
tomaintenance and regeneration in the adult salivary gland (Zajicek et
al., 1985; Denny et al., 1993; Denny and Denny, 1999; Man et al., 2001).
Clonal analysis has been used to demonstrate that multipotent
progenitor cells from the submandibular gland are able to generate
acinar, ductal and myoepithelial cells in vitro (Kishi et al., 2006).
Results of indirect labeling experiments suggest that the progenitor
cells are located within the intercalated ducts, the smallest elements
of the salivary ductal system (Zajicek et al., 1985; Chai et al., 1993;
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al., 2008). The regeneration of adult rat submandibular gland
following ligation-induced atrophy supports the assertion that multi-
potential cells are located within the ducts, the only remaining
structures in the atrophic glands (Takahashi et al., 1998). In fact, a
subpopulation of cells isolated from regenerating salivary glands has
been reported to differentiate into hepatic and pancreatic lineages,
suggesting that theymay be adult stem cells (Okumura et al., 2003). To
date, however, direct identiﬁcation of ductal progenitor cells has not
been demonstrated.
Ascl3, (achaete scute homolog like 3), also known as Sgn1, encodes a
basic helix–loop-helix transcription factor, and is a member of the
mammalian achaete scute homolog (Mash) gene family. Members of
this gene family have been implicated in cell fate speciﬁcation and
differentiation events. Mash1 (Ascl1) is expressed in subsets of neural
progenitors in both the central and peripheral nervous system
(Guillemot et al., 1993), and Mash2 (Ascl2) is involved in Schwann
cell differentiation and control of proliferation in adult peripheral
nerves (Küry et al., 2002).
Ascl3 was originally characterized as a transcription factor
speciﬁcally localized in the duct cells of the salivary glands (Yoshida
et al., 2001). The expression of Ascl3 is barely detectable at birth, but is
increased during the postnatal period of cell differentiation (Yoshida
et al., 2001). Using targeted homologous recombination, we have
inserted an EGFP–Cre expression cassette into the Ascl3 locus. In
combination with the Rosa 26R strain (Soriano, 1999) as a Cre-
inducible lineage tracer, the cassette labels cells in which Ascl3 is
expressed, as well as lineage descendants of such cells. Using this tool,
we show that descendants of Ascl3-expressing cells, as detected by
LacZ expression, include both duct and acinar cell types, but that
expression of the Ascl3 protein is conﬁned to duct cells. Characteriza-
tion of the LacZ-positive cell types reveals that in the sublingual gland,
Ascl3-expressing cells are progenitors of serous demilune cells. The
EGFP–Cre cassette thus labels a population of multipotent progenitor
cells within the salivary glands, which is capable of generating at least
two cell lineages. Our data suggest that Ascl3-expressing progenitor
cells contribute to the maintenance of mature salivary glands.
Results
Generation of the Ascl3EGFP–Cre knock-in allele in the mouse
The Ascl3 gene is comprised of only two exons separated by an
intron of 2.3 kb. A targeting vector was constructed to insert an EGFP–
Cre recombinase fusion expression cassette into this locus by
homologous recombination, replacing the entire Ascl3 coding
sequence encoded by exon 2 (Fig. 1). The Ascl3 promoter thereby
drives expression of the EGFP–Cre recombinase fusion protein. This
recombination generates a loss-of-function allele. Characterization of
the homozygous mutant phenotype, and of Ascl3 function in vivo, isFig. 1. Introduction of the EGFP–Cre expression cassette into the Ascl3 locus. The Ascl3 gene lo
the second exon with an expression cassette encoding EGFP and Cre recombinase as a fusion
placing EGFP–Cre under control of the Ascl3 promoter. The neomycin gene used for ES c
recombination. The diphtheria toxin A (DTA) gene was used for negative selection, and is nongoing. Based on all analyses conducted so far, the Ascl3EGFP–Cre allele
is completely recessive. Heterozygous animals are born at expected
frequencies and are indistinguishable in growth and fertility, and
show no signs of increased morbidity compared to their wild type
littermates. We detect no change in salivary gland function in
Ascl3EGFP–Cre/+ heterozygous mice (data not shown). In this report we
have used the Ascl3EGFP–Cre allele as a lineage tracing tool to mark and
analyze a deﬁned subpopulation of salivary gland cells.
Expression of the Ascl3EGFP–Cre knock-in construct recapitulates
endogenous Ascl3 expression
Expression of endogenous Ascl3 is localized to the duct cells in the
three major salivary glands (Yoshida et al., 2001), as conﬁrmed by in
situ hybridization (Fig. 2A). The expression pattern of the Ascl3EGFP–Cre
knock-in allele can be tracked by the ﬂuorescence of the EGFP gene
product or by immunohistochemistry using an antibody against Cre
recombinase. Ascl3EGFP–Cre/+ heterozygous mice show expression of
EGFP in the ducts of submandibular (Fig. 2B), sublingual and parotid
glands (not shown). To conﬁrm these results, we also used a polyclonal
antibody against Cre recombinase to localize expression of the EGFP–
Cre fusion protein on parafﬁn sections of submandibular, sublingual
and parotid glands. As expected, Cre recombinase is present in duct
cells of the submandibular (Fig. 2C), sublingual (Fig. 6D), and parotid
salivary glands (not shown). This pattern reﬂects that of endogenous
Ascl3 mRNA detected through in situ hybridization (Fig. 2A). To
conﬁrm the duct cell-speciﬁcity of the Cre expression, we performed
double-immunohistochemical labeling, using an antibody to aqua-
porin 5, which is a membrane channel localized to the apical surface of
acinar cells (Matsuzaki et al., 1999). There is no detectable Cre
recombinase or EGFP expression in acinar cells in any of the three
major salivary glands (Figs. 2B, C and data not shown). We therefore
conclude that expression of the EGFP–Cre fusion protein faithfully
recapitulates the duct cell-speciﬁc pattern of the endogenous Ascl3
gene.
Ascl3 expression is activated in cells of the embryonic salivary gland
ducts
To determine the contribution of Ascl3-expressing cells to salivary
gland development andmaintenance, we examined the time course of
EGFP–Cre expression in Ascl3EGFP–Cre/+ /Rosa embryos, using lineage
tracing. Ascl3EGFP–Cre/+ heterozygotes were crossed with the Rosa26R
reporter mouse strain (Gt(ROSA)26Sortm1Sor; Soriano,1999). This strain
carries a silenced ß-galactosidase (LacZ) gene under the control of the
ubiquitously active Rosa26 locus. In the presence of Cre recombinase,
the silencing sequence is removed by recombination, activating LacZ
expression. Sections from salivary glands at different stages of
development were stained for LacZ expression to assess the timing
of Ascl3 promoter activation. At the early bud or pseudoglandularcus is comprised of only two exons. A knock-in construct was generated which replaces
protein. This construct was targeted to the Ascl3 locus by homologous recombination,
ell targeting is ﬂanked by LoxP sites (black) and was subsequently removed by Cre
ot retained in the recombined Ascl3EGFP–Cre allele.
Fig. 2. EGFP–Cre recombinase expression recapitulates endogenous Ascl3 expression. (A) In situ hybridization on a parafﬁn section of submandibular gland from Ascl3EGFP–Cre/+ female
using a radioactively labeled antisense probe to Ascl3 coding sequence. Positive signal from endogenous Ascl3 mRNA expression (black grains) is concentrated in the ducts.
Hematoxylin staining was used to stain all cells. Arrowheads indicate labeled duct structures. Ac, acinar cells; Du, duct cells. Scale bar is 50 µm. (B) Fluorescent image of a frozen
section from Ascl3EGFP–Cre/+ female submandibular gland. EGFP expression driven by the Ascl3 promoter is detectable in the nuclei of a subset of ductal cells (arrowheads). Ac, acinar
cells; Du, duct cells. Scale bar is 100 µm. (C) Immunohistochemical staining of parafﬁn section from Ascl3EGFP–Cre/+ submandibular gland examined using antibodies to Cre
recombinase. Ascl3-expressing Cre+ cells are labeled red. All nuclei are stained with ToPro3 (blue). Large round nuclei are acinar cells; smaller aligned nuclei are from duct cells.
Arrowheads indicate duct cells in which Ascl3-driven Cre recombinase expression is detected. Ac, acinar cells; Du, duct cells. Scale bar is 50 µm.
74 T. Bullard et al. / Developmental Biology 320 (2008) 72–78stage of submandibular gland development, we see no evidence of
Ascl3 expression, as detected through the activation of LacZ (Fig.
3A). However, at the canalicular stage, occurring at E15.5, LacZ-
positive cells are observed in the large excretory duct (Fig. 3B). By the
terminal bud stage, just prior to birth (E17.5), a small number of LacZ-
positive cells are detected in ductal structures of all threemajor glands
(Fig. 3C). However, there is no evidence of LacZ expression in cells of
the terminal end buds, the presumptive acinar cells. Ascl3 expression
in the duct cells of all three salivary glands increases during the
postnatal differentiation phase (Yoshida et al., 2001). In agreement,
we observe that the number of LacZ-positive cells increases by
postnatal day 5, in the salivary glands of Ascl3EGFP–Cre/+/Rosa mice (not
shown). Signiﬁcantly, all LacZ-labeled cells are located within the
ducts. Thus, during embryonic salivary gland development, the Ascl3-
expressing cells and their progeny are restricted to the ducts.
Lineage tracing reveals progeny of Ascl3-expressing cells in both duct
and acinar cell compartments
The prevailing hypothesis is that the ducts are the source of
progenitor cells for the salivary gland. We have shown that both
endogenous Ascl3 and the EGFP–Cre fusion protein are only detected
in a subset of duct cells. Intriguingly, the expression of two related
members of the achaete scute gene family,Mash1 andMash2, is found
in progenitors of several neuronal lineages (Guillemot et al., 1993; Cau
et al., 1997; Küry et al., 2002). To investigate whether Ascl3-expressing
cells might act as progenitors in the salivary gland, we took advantage
of the Cre recombinase activity to trace cells in which the EGFP–CreFig. 3. Ascl3 expression is initiated during embryogenesis and is conﬁned to the presumpti
embryonic (E) day 13.5, (B) E15.5 and (C) E17.5 were ﬁxed, sectioned and stained for LacZ
development. (A) At the pseudoglandular stage, there is no detectable expression of Ascl3
expression of Ascl3 is observed only in the large excretory duct (arrowheads), based on the de
to the cells of the presumptive ducts (arrowheads). E, epithelial buds; M, mesenchyme; EDcassette is active, as well as their descendants. Salivary glands were
isolated from 3-week-old Ascl3EGFP–Cre/+ /Rosa 26R mice, ﬁxed and
sectioned. Frozen sections from submandibular, sublingual and
parotid glands were stained for LacZ activity (Figs. 4A–C). Consistent
with the pattern of expression observed for Cre recombinase (Fig. 2C),
we observe LacZ-positive duct cells in all three glands, indicating that
they are derived from Ascl3-expressing cells. No stainingwas observed
in salivary gland tissue taken from control littermates that did not
carry the Ascl3EGFP–Cre allele. The endogenous ß-galactosidase activity
present in the salivary gland (Nowroozi et al., 1998) is therefore not
detected with the staining conditions used.
Most notably, although expression of the Ascl3EGFP–Cre gene is
restricted to duct cells (Fig. 2), progeny of these cells in the Ascl3EGFP–
Cre/+/Rosa 26R mice are not located only in the ducts. Acinar cells are
also labeled with LacZ (arrows, Figs. 4A–C). The submandibular and
parotid glands and, most prominently, the sublingual glands exhibit
signiﬁcant numbers of LacZ-positive acinar cells, derived from Ascl3-
expressing cells. In sections from Rosa26R littermates, which do not
carry the Ascl3EGFP–Cre allele, there is no detectable LacZ staining of any
cell type (data not shown).
In order to establish that the LacZ expression is not due to ectopic
activation of the EGFP–Cre recombinase fusion protein in acinar cells, we
examined sections for co-localization of EGFP and beta-galactosidase,
using an antibody against the latter. As expected, duct cells in which
EGFP–Cre is detected (arrows, Fig. 4D) are also LacZ-positive. However,
LacZ-positive cells within the acinar clusters (arrowheads, Fig. 4D) show
no evidence of ectopic expression of the EGFP–Cre fusion protein. Both
EGFP ﬂuorescence and immunohistochemistry for Cre recombinaseve duct cells of the developing salivary gland. Ascl3EGFP–Cre/+/Rosa embryos taken at (A)
expression in order to determine the Ascl3 expression pattern during salivary gland
in the embryonic submandibular gland. (B) In the canalicular stage, at E15.5, limited
tection of LacZ activation. (C) At the terminal bud stage Ascl3-expressing cells are limited
, excretory duct; Du, presumptive ducts; Tb, terminal end buds. Scale bars are 50 µm.
Fig. 4. Lineage tracing of progeny from Ascl3-expressing cells in salivary glands. Frozen sections of salivary glands from 3-week-old female Ascl3EGFP–Cre/+/Rosa26R mice, stained for
LacZ expression, which marks the progeny of cells in which Cre recombinase, driven by the Ascl3 promoter, has been expressed. (A) Submandibular (B) Sublingual (C) Parotid gland.
Arrowheads point to acinar cells in which the LacZ gene has been activated. (D) Immunohistochemistry of Ascl3EGFP–Cre/+ submandibular gland section probed with antibody to beta-
galactosidase (blue). Expression of the EGFP–Cre fusion protein, as detected by EGFP (green, arrows), is limited to cells in the duct and is not ectopically activated in LacZ-positive cells
in the acinar compartment (arrowheads). Scale bars are 50 µm.
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restricted to a subset of duct cells (Figs. 2B, C and Fig. 4D). We conclude
that Ascl3-expressing cells, located in the ducts, are progenitors of LacZ-
positive cells found in both duct and acinar compartments, and that the
Ascl3promoter is active in theprecursor cells, anddown-regulated in the
descendants.
Duct and acinar cells are derived from a common precursor expressing
Ascl3
To characterize the LacZ-positive descendants of Ascl3-expressing
precursors, LacZ staining was combined with immunohistochemistry,
using antibodies to aquaporin 5 and cytokeratin 19, acinar and duct-Fig. 5. Ascl3-expressing cells generate both duct and acinar cell progeny. (A) Co-localization o
isolated from 6-week-old female Ascl3EGFP–Cre+/Rosa26 mouse was ﬁxed and stained for LacZ
sectioned and stained with antibody to aquaporin 5, which labels apical membranes of acin
LacZ, demonstrating that differentiated acinar cells are among the descendants of Ascl3-ex
localization of LacZ-positive progeny with duct cell-speciﬁc marker, cytokeratin 19. Subman
probed with antibody to cytokeratin 19 (black), which is localized to the apical membrane of
19 (white arrowheads); LacZ-positive cells in the acinar (Ac) compartment (black arrowhead
with Dcpp, a secretory protein expressed in serous demilune cells of the sublingual gland. Dc
shown in red. Co-localization of the two antibodies (yellow), is indicated by arrowheads,
sublingual gland. Du, duct cells; Ac, acinar cells. Scale bars are 50 µm.speciﬁc proteins, respectively. Submandibular gland tissue was
isolated from an Ascl3EGFP–Cre/+/Rosa26 adult female, ﬁxed and stained
for LacZ inwholemount (Fig. 5A; blue). The tissuewas then embedded
in parafﬁn, sectioned and stained with antibody to aquaporin 5 (Fig.
5A; black), a membrane protein speciﬁcally localized to the apical
surface of acinar cells. The LacZ-positive cells residing in the acinar
compartment are co-localized with the antibody to aquaporin 5 (Fig.
5A, arrowheads), conﬁrming that progeny of Ascl3-expressing cells
include differentiated acinar cells.
Similar staining was carried out combined with a duct cell-speciﬁc
antibody to cytokeratin 19 (Fig. 5B; arrows). The cytokeratin 19
antibody co-localizes with LacZ-positive cells in the ducts, which
include both Ascl3-expressing cells and their ductal descendants (Fig.f LacZ expressionwith the acinar cell-speciﬁc protein aquaporin 5. Submandibular gland
in whole mount (blue). Following post-ﬁxation, the tissue was embedded in parafﬁn,
ar cells (black). Arrows indicate cells in which aquaporin 5 protein is co-localized with
pressing cells. Duct cells (Du) are not positive for aquaporin 5. Ac, acinar cells. (B) Co-
dibular gland tissue stained for LacZ expression (blue), was embedded, sectioned and
duct cells (arrows). LacZ-positive cells in the ducts show co-localizationwith cytokeratin
s) do not react with duct cell-speciﬁc antibodies. (C) Co-localization of LacZ expression
pp antibody localizes to serous demilune cells (green). Antibody to beta-galactosidase is
and demonstrates that Ascl3-expressing cells are precursors of demilune cells in the
76 T. Bullard et al. / Developmental Biology 320 (2008) 72–785B, white arrowheads). In contrast, LacZ-positive acinar cells (black
arrowheads, Fig. 5B) donot reactwith antibody to cytokeratin 19. These
data clearly show that cells expressing theAscl3 gene can generate both
acinar and ductal cell types. An antibody to smoothmuscle alpha actin,
which marks myoepithelial cells, showed no co-localization with the
LacZ stained cells, ruling out a contribution of Ascl3-expressing cells to
themyoepithelial cell type (data not shown). We conclude that Ascl3 is
expressed in progenitor cells that can differentiate to ductal and acinar,
but not myoepithelial, cell lineages.
Ascl3-expressing cells are precursors of demilune cells in the sublingual
gland
The mouse sublingual gland is primarily composed of mucous
acini, capped by terminal serous demilune cells (reviewed in Young
and Van Lennep, 1978). These cells are distinguished by their
production and secretion of demilune cell and parotid protein
(Dcpp). Dcpp is initially expressed by immature acinar cells, but in
the adult mouse is restricted to intercalated ducts of the parotid
glands, and demilune cells in the sublingual gland (Bekhor et al.,
1994). The LacZ-labeled cells in the sublingual gland appear to
include both serous demilune and mucous acinar cells (see Fig. 6B).
To conﬁrm the identity of these cells, we examined sections of
sublingual glands from Ascl3EGFP–Cre/+/Rosa26 mice, using antibodies
to beta-galactosidase and Dcpp. Co-localization of these antibodies
conﬁrms that a signiﬁcant number of the LacZ-positive cells are
serous demilune cells (Fig. 5C, arrowheads). This establishes that
Ascl3-expressing cells of the sublingual duct are progenitors of the
serous demilune cell type.
In contrast to the sublingual gland, the parotid gland has very few
LacZ-positive cells outside the ductal compartment (Fig. 4C). Dcpp is
expressed in intercalated duct cells of the parotid gland, but double
immunohistochemistry on parotid sections shows that there is little
co-localization of LacZ-positive cells with Dcpp expression in these
glands (data not shown).Fig. 6. Lineage tracing of Ascl3-expressing cells reveals continued contribution to the sublingu
Ascl3 EGFP–Cre/+/Rosa26R strain at 3 weeks (A), 3 months (B), and 1 year of age (C), embedde
contribution of Ascl3-expressing progeny to the acinar cell compartment of the gland. The arr
LacZ-positive demilune cell. (D). Immunohistochemical staining using antibodies to Cre re
Rosa26Rmouse reconﬁrms that the endogenous Ascl3 expression in sublingual gland is restrict
cells are red (arrows). Antibody to aquaporin 5 stains the apical membranes of acinar cells grAscl3 expression marks a pool of adult progenitor cells that contribute to
salivary gland maintenance
Differentiation in the sublingual gland is apparently complete by
birth (Redman and Ball, 1978; Wolff et al., 2002), and cells in the
mature salivary glands turnover slowly (Zajicek et al., 1985; Redman,
1995). However, in sublingual glands from 3-week- to 1-year-old
Ascl3EGFP–Cre/+ /Rosa 26R mice, we observe a steady and signiﬁcant
increase in the number of LacZ-positive cells in the acinar compart-
ment (Figs. 6A–C). LacZ-positive progeny include acinar cells, serous
demilune cells, and duct cells. However, immunohistochemistry for
Cre recombinase demonstrates that Ascl3-expressing cells remain
sequestered in the ducts over this time period (Fig. 6D). These
observations support our conclusion that progeny of Ascl3-expressing
cells move from the duct to the acinar compartment and that, as they
do so, the expression of Ascl3 is turned off.
In contrast to the sublingual gland, Ascl3-expressing cells in the
parotid and submandibular glands yield predominantly duct cells and
small numbers of acinar cells. Even in older adults, only small clusters
of LacZ-positive acinar cells are detected in these glands (data not
shown). Given the difference in cell composition between sublingual,
submandibular and parotid glands, this observation indicates that
Ascl3-expressing cells are progenitors of mucous and/or seromucous,
but not serous, acinar cells. The LacZ-expressing progeny never
completely populate the sublingual gland. This could reﬂect the
inherent inefﬁciency of Cre recombinase, but may also indicate that
maintenance of the salivary glands involves more than one type of
progenitor cell.
Discussion
Tissue maintenance in the adult salivary glands has been proposed
to occur both through division of fully differentiated cells (Redman
and Sreebny, 1970; Dardick et al., 1990; Denny et al., 1990; Redman,
1995) and through the contribution of a stem cell-like progenitor poolal acinar cell population with age. Sublingual glands were removed from females of the
d, sectioned and analyzed for LacZ expression. With increasing age, there is a growing
ow in panel B indicates LacZ expression in an acinar cell, while the arrowhead points to a
combinase and aquaporin 5 on parafﬁn section of 5-month-old female Ascl3 EGFP–Cre/+/
ed to the ducts, and is not ectopically activated in LacZ-positive acinar cells. Cre-expressing
een. All nuclei are stained with ToPro. Du, ducts; Ac, acinar cells. Scale bars are 50 µm.
77T. Bullard et al. / Developmental Biology 320 (2008) 72–78(Zajicek et al., 1985; Ball et al., 1988; Denny et al., 1993; Chai et al.,
1993; Takahashi et al., 1998; Denny and Denny,1999; Man et al., 2001).
Long-term labeling studies have suggested that acinar and granulated
duct cells in the rat and mouse submandibular glands apparently
differentiate from intercalated duct cells (Zajicek et al., 1985; Chai et
al., 1993; Denny and Denny, 1999; Man et al., 2001), and that parotid
intercalated ducts are the source of acinar and striated duct cells
(Schwartz-Arad et al., 1988). Here we directly demonstrate the
existence of a progenitor cell pool and establish the transcription
factor Ascl3 as a marker for this population of cells. We show that
these cells act as progenitors for both acinar and ductal descendants.
Interestingly, the Ascl3-expressing cells are found not only in the
intercalated ducts, but in all mature ducts of the mouse salivary
glands. This is consistent with ﬁndings by other investigators.
Recently, a small population of BrdU label-retaining cells was detected
in intercalated and large excretory ducts, as well as in striated and
granular ducts, of adult rat submandibular glands following an 8-week
chase period (Kimoto et al., 2008). In addition, the intercalated duct
cells demonstrate the most proliferation in the submandibular glands
of young female mice, while in males the striated duct cells are more
proliferative (Denny et al., 1993; Chai et al., 1993). Our data concur
with these results, suggesting that progenitor cells may be more
widely localized throughout the ductal system.
The Ascl3 gene is a member of the mammalian achaete scute
homolog (Mash) gene family (Yoshida et al., 2001). Mash1 (Ascl1), a
closely related member of the same family, is expressed in adult
progenitors of both neurons and oligodendrocytes, and functions in
the speciﬁcation of these two lineages (Parras et al., 2004; Battiste et
al., 2007). In adult brain, Mash1-expressing cells resemble undiffer-
entiated transit amplifying cells and, following cell-cycle exit, Mash1
expression is transient in differentiating neuroblasts (Parras et al.,
2004). Based on the lineage tracing of Ascl3-expressing cells and on
the absence of detectable Ascl3 expression in differentiated LacZ-
positive acinar cells, we speculate that Ascl3may similarly distinguish
adult progenitors in the salivary gland, which are committed to
differentiate either to acinar or ductal cells.
Although Ascl3 is expressed in the embryonic salivary glands,
there is no contribution to the acinar cell population before birth.
However, postnatally, we observe a continuous increase in the
number of LacZ-positive progeny, in both the duct and acinar cell
compartments. The most signiﬁcant contribution is observed in the
sublingual gland, although development and ﬁnal differentiation of
the gland is reported to be complete at birth (Redman and Ball, 1978;
Wolff et al., 2002). We conclude that the LacZ-positive cells
represent proliferating cell replacements, derived from Ascl3-expres-
sing progenitors.
Clonal analysis has demonstrated the presence of multipotent cells
in the submandibular gland that are capable of generating acinar,
ductal and myoepithelial cell types (Kishi et al., 2006). Our data show
that Ascl3-expressing cells represent progenitor cells of serous
demilune cells, as well as some ductal and acinar cell progeny.
However, not all cells in either the acini or the ducts of any salivary
gland type are positive for LacZ. This indicates that Ascl3-expressing
cells are clearly not progenitors of all salivary gland cell types, and are
therefore not stem cells. The numbers of LacZ-negative serous and
mucous acinar cells, as well as the unlabeled duct cells, suggests that
Ascl3-expressing cells represent only a subset of the total progenitor
cell population.
Maintenance of the salivary gland parenchyma is derived from the
division of fully differentiated cells with age (Redman, 1995; Denny
and Denny, 1999). Because the activation of LacZ is a heritable genetic
event (Soriano, 1999), division of differentiated LacZ-labeled acinar
and duct cells will serve to increase the number of LacZ-positive cells
in the acinar compartment. It is reasonable to assume that LacZ-
positive acinar cells originate from Ascl3-expressing progenitors, and
subsequently undergo further cell division in the acinar compartment,generating additional LacZ-positive progeny. Our results are consis-
tent with the model of the salivary gland as a “slowly renewing” organ
(Schwartz-Arad et al., 1988), in which cell replenishment is derived
partially from progenitor cells, while the remainder can be attributed
to division of differentiated cells.
The identiﬁcation and isolation of stem cells in the salivary gland
has been hampered in the past by a lack of speciﬁc markers. We have
demonstrated that Ascl3-expressing progenitor cells located in the
ducts contribute to both acinar and ductal cells in the mature gland.
The identiﬁcation of Ascl3 as a marker for a progenitor cell population
is a critical step in the progress toward identifying the source of cells
that are responsible for salivary gland maintenance and regeneration.
Materials and methods
Insertion of EGFP–Cre cassette by gene targeting
A gene targeting vector was constructed to include 5′ and 3′ homologous arms of
Ascl3 sequence that were generated by PCR using an isolated BAC clone (BPRC,
Oakland, CA.) containing 129S6/SvEvTac mouse genomic DNA as template. Design of
the PCR primers was based on available sequence (GenBank accession no. NM_020051).
The 5′ arm of homology extends 3.2 kb from the start of the ﬁrst exon to the ATG
initiation codon located within the second exon. Primers used for amplifying this
sequence were: forward 5′-CATCTGGTGCCAGCCTTGCTGC-3′ and reverse 5′-AAA-
TATGCGGCCGCCGTTTCCTTTCACCTAGAAAC-3′, which includes a NotI restriction site
for cloning. The 3′ arm of homology (2.8 kb) extends into the 3′ untranslated region of
the Ascl3 gene. Primers for this armwere: forward 5′-ACAGCTAGCGTAGCTCATGTAGAC-
3′ and reverse 5′-GATAAGCTGCTTGCTGTGAAAGC-3′. The EGFP–Cre expression cassette
was a gift from Dr. William Bowers (University of Rochester). The coding sequences for
both EGFP and Cre recombinase are fused, and a β-globin polyadenylation site was
added at the 3′ end of the sequence. The EGFP–Cre expression cassette was inserted in-
frame with the ATG codon of the Ascl3 coding sequence at the introduced NotI site. The
backbone of the targeting vector also includes the neomycin resistance gene driven by
the phosphoglycerate kinase promoter, and the gene encoding alpha subunit of
diptheria toxin (DTA) for negative selection. The targeting construct was introduced
into CJ7 ES cells (a gift from Dr. Rulang Jiang, University of Rochester) by
electroporation, and four positive clones were isolated. The targeted clones were
injected into blastocysts and the recombined allele was passed through the germline.
Two strains were generated from separate targeted ES clones, and both were used for
this study.
Mouse colony maintenance and genotyping
Ascl3EGFP–Cre/+ animals were maintained on a C57Bl/6 background. Heterozygotes
were crossed with homozygotes from the Rosa26R reporter mouse strain (Gt(ROSA)
26Sortm1Sor; Soriano,1999). Genotyping was performed with the following PCR primers:
Ascl3: forward 5′-CCACCCCAGTGCCTCTACACAAAT-3′, reverse 5′-GTCGCTGGAGAAGGG-
CAGCAGA-3′, and Cre reverse 5′-GGTGTACGGTCAGTAAATTGGAC-3; LacZ: forward 5′-
GCGCCCATCTACACCAACGTG-3′, and reverse 5′-CCAGCGCAGCACCATCACCGC-3′. Dou-
ble heterozygotes were identiﬁed and used for the analysis of ß-galactosidase (LacZ)
expression. Mice were maintained on a 12-h light, 12-h dark schedule with ad libitum
access to food and water. All procedures and protocols were approved by the University
Committee on Animal Resources at the University of Rochester.
Staining for B-galactosidase activity
Animals were euthanized and the salivary glands were isolated. For whole mount
staining, glands were ﬁxed overnight at 4 °C in 0.2% glutaraldehyde, 2 mMMgCl2, 5 mM
EGTA, in 0.1 M potassium phosphate (KPO4) buffer, pH 7.3. Tissue was rinsed 3 times
15 min in detergent rinse [2 mM MgCl2, 0.01% sodium deoxycholate, 0.02% IGEPAL
(Sigma Chemical Co.), in 0.1 M potassium phosphate (KPO4) buffer, pH 7.3]. Staining was
performed overnight as described (Nagy et al., 2003). The stained tissues were post-
ﬁxed in 4% paraformaldehyde, processed through ethanol gradations, embedded in
parafﬁn and sectioned for immunohistochemistry. For frozen sections, glands were
isolated and ﬁxed in 0.2% paraformaldehyde in 0.1M PIPES (pH 6.9) at 4 °C. Tissues were
rinsed in 1xPBS, equilibrated in 30% sucrose overnight and embedded in OCTcompound
(Tissue-Tek) for sectioning. Sections of 15 μmwere post-ﬁxed in 0.2% paraformaldehyde
on ice for 10 min, rinsed in PBS with 2 mM MgCl2 and processed for staining as
described (Nagy et al., 2003).
In situ hybridization
The coding sequence of Ascl3 was generated by PCR using the following primers:
Ascl3F: 5′-GGAAACGATGGACACCAGAAGC-3′; Ascl3R: 5′-CCCAGGCAAGCAACATT-
TAATG-3′, and cloned into Topo 2.1 vector (Invitrogen). In situ hybridization was
performed on parafﬁn sections of submandibular gland isolated from a female
Ascl3EGFP–Cre/+ mouse 3 months of age. Slides were processed for in situ hybridization
as described (Palis and Kingsley, 1995) using in vitro transcribed sense and antisense
78 T. Bullard et al. / Developmental Biology 320 (2008) 72–78strandRNAprobes labeledwith 33P. Darkﬁeld and brightﬁeld imageswere obtainedwith
a Nikon Optiphot microscope (Nikon, Melville, New York, United States) and SPOT RT-
Slider digital camera (Diagnostic Instruments, SterlingHeights,Michigan, United States).
Immunohistochemistry
Submandibular, sublingual and parotid glands were collected and ﬁxed in 4%
paraformaldehyde in PBS for 2–12 h, embedded in parafﬁn, and sectioned at 7 μm.
Tissue sections were deparafﬁnized, and subjected to antigen retrieval in 1 mM EDTA
buffer, pH 8.0 for 10minwith heating. Sections were allowed to cool, washed in PBS and
subjected to blocking and primary antibody incubation. For Cre recombinase
immunohistochemistry, sections were blocked in 10% normal donkey serum with 10%
milk in PBS for 1 h at room temperature and then incubated in a polyclonal anti-Cre
recombinase antibody (1:600; Covance) diluted in antibody diluent (Dako Cytomation),
for 2 h at room temperature. All other sections were blocked in 5% normal donkey
serum for 45 min at room temperature, washed in 3 changes of PBS and incubated in
the primary antibody for 1 h at room temperature, or overnight at 4 °C. The primary
antibodies used were goat polyclonal cytokeratin 19 (1:100; Santa Cruz) and goat
polyclonal aquaporin 5 (1:100; Santa Cruz). Secondary antibodies used were CY3-
labelled donkey anti-chicken or CY2-labelled donkey anti-goat (Jackson ImmunoR-
esearch). Nuclei were labeled with ToPro3 (Invitrogen). For beta-galactosidase antibody
staining, frozen sections were prepared as for LacZ enzymatic staining, described above.
Sections were cut at 16 μm, post-ﬁxed, washed in detergent rinse, and incubated
overnight at 4 °C with chicken polyclonal beta-galactosidase antibody (1:1500; Abcam).
CY3-labelled donkey anti-chicken was used as the secondary antibody (Jackson
ImmunoResearch). Double-labeling immunohistochemistry with antibodies to beta-
galactosidase (chicken polyclonal) and Dcpp (rabbit polyclonal) was performed on
frozen sections. Secondary antibodies used were CY3-labelled donkey anti-chicken, and
CY2-labeled donkey anti-rabbit (Jackson ImmunoResearch).
Imaging
Fluorescent images were collected using a Leica TCS SPII confocal microscope and
Leica confocal software. Images of LacZ stained tissue were collected using an Olympus
DX41microscope connected to a DSL camera, and using DSLManager software. Double-
labeled images were generated using Adobe Photoshop.
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